We report herein the synthesis, crystallographic analysis and a study of the noncovalent interactions observed in the new 4 0 -substituted terpyridine-based derivative bis[4 0 -(isoquinolin-2-ium-4-yl)-2,2 0 :6 0 ,2 00 -terpyridine-1,1 00 -diium] tris-[tetrachloridozincate(II)] monohydrate, (C 24 H 19 3+ is the triply protonated cation derived from 4 0 -(isoquinolin-4-yl)-2,2 0 :6 0 ,2 00 -terpyridine (ITP) [Granifo et al. (2016) . Acta Cryst. C72, 932-938]. The (ITPH 3 ) 3+ cation presents a number of interesting similarities and differences compared with its neutral ITP relative, mainly in the role fulfilled in the packing arrangement by the profuse set of D-HÁ Á ÁA [D (donor) = C, N or O; A (acceptor) = O or Cl],and anionÁ Á Á noncovalent interactions present. We discuss these interactions in two different complementary ways, viz. using a point-to-point approach in the light of Bader's theory of Atoms In Molecules (AIM), analyzing the individual significance of each interaction, and in a more 'global' analysis, making use of the Hirshfeld surfaces and the associated enrichment ratio (ER) approach, evaluating the surprisingly large co-operative effect of the superabundant weaker contacts. research papers 1122 Granifo et al. A network of [ZnCl 4 ] 2À anions
Introduction
A few structural and solid-state theoretical studies on the noncovalent interactions in crystals containing protonated 4 0 -pyridyl-substituted terpyridines have been carried out in the last few years (Padhi et al., 2011; Seth et al., 2013; Manna et al., , 2014a . These species have been obtained from the reaction of the free bases L [L = 4 0 -(pyridin-4-yl)-2,2 0 :6 0 ,2 00terpyridine, 4 0 -(pyridin-2-yl)-2,2 0 :6 0 ,2 0 -terpyridine and 4 0 -(pyridin-4-yl)-3,2 0 :6 0 ,3 00 -terpyridine] with inorganic acids (HNO 3 , HBr and HClO 4 ), giving rise, in each case, to one triply protonated LH 3 3+ cation. It was observed that only the N atoms of the three outermost pyridyl groups are protonated and that the lateral rings of the terpyridine portion adopt a syn-syn conformation with respect to the central pyridine ring. The analysis of the noncovalent interactions disclosed the pivotal role that anionÁ Á Á interactions play in the final stabilization of the crystal packing, through its concerted action with the hydrogen bonding and thestacking interactions. In this latter case, it was concluded that they are enhanced if the -system is charged, in spite of the repulsive electrostatic nature between positively charged LH 3 3+ cations Manna et al., 2013) . Thus, a variety of interactions between the charged aromatic rings and the different anions were described as a series of intrincate ISSN 2053 ISSN -2296 # 2017 International Union of Crystallography networks, i.e. anionÁ Á ÁÁ Á Áanion, anionÁ Á Áand anionÁ Á Á-Á Á Áanion (Manna et al., 2014a,b) .
Herein, as an extension of these studies on protonated 4 0 -functionalized terpyridine derivatives, we have selected as the starting neutral base an N-containing fused-ring system whose crystal and molecular structure we have reported recently, viz. 4 0 -(isoquinolin-4-yl)-2,2 0 :6 0 ,2 00 -terpyridine (ITP), (I) (see Scheme; Granifo et al., 2016) . By mixing (I) with zinc chloride and hydrochloric acid, crystals of the new tetrachlorozincate salt (ITPH 3 ) 2 [ZnCl 4 ] 3 ÁH 2 O, (II) (see Scheme), containing the triply protonated (ITPH 3 ) 3+ cation, were successfully isolated. The (ITPH 3 ) 3+ cation in (II) presents a number of interesting similarities and differences compared with (I), which we shall discuss in detail, mainly with regard to the role fulfilled in the packing arrangement by the profuse set of D-HÁ Á ÁA [D (donor) = C, N or O; A (acceptor) = O or Cl], and anionÁ Á Á noncovalent interactions present. We shall discuss the latter in two different complementary ways, viz. using a quantitave point-to-point approach in the light of Bader's theory of Atoms In Molecules (AIM; Bader, 1990 Bader, , 2009 ) and in a more 'global' analysis, making use of the Hirshfeld surfaces (Spackman & Byrom, 1997) and the associated, recently developed, enrichment ratio (ER) approach (Jelsch et al., 2014) .
Experimental
IR spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer (using KBr plates) or an Agilent Cary 630 FT-IR spectrometer using a Diamond ATR (attenuated total reflectance) accessory. X-ray diffraction data were collected with an Oxford Diffraction Xcalibur CCD Eos Gemini diffractometer with graphite-monochromated Mo K radiation.
Synthesis and crystallization
The title tetrachloridozincate salt (ITPH 3 ) 2 [ZnCl 4 ] 3 ÁH 2 O was prepared by the reaction of 4 0 -(isoquinolin-4-yl)-2,2 0 :6 0 ,2 00terpyridine (ITP; Granifo et al., 2016) , ZnCl 2 and concentrated HCl (37%). ITP (4.3 mg, 0.012 mmol) was placed in a small beaker and dissolved with concentrated HCl (0.5 ml). To this solution was added an excess of ZnCl 2 (42.0 mg, 0.31 mmol) and the resulting solution was stirred for 1 min. The clear solution was allowed to stand at room temperature for 14 h to give colourless block-shaped crystals, which were washed with methanol (2 Â 1 ml) and then dried in air (yield 7.0 mg, 86%). Analysis calculated for C 48 
Refinement
The crystal data, solution and refinement parameters are listed in Table 1 . The good quality of the low-temperature data set allowed a clear distinction to be made between the intervening atomic species (C and N) originally in the difference maps and those later confirmed by the refinement of their displacement factors and the hydrogen-bonding interaction scheme. H atoms were identified in an intermediate difference map and treated differently in the refinement. Those attached to C atoms were further idealized and finally allowed to ride, with C-H = 0.93 Å , and with displacement parameters taken as U iso (H) = 1.2U eq (C). Those attached to N atoms were refined with restrained N-H = 0.85 (1) Å and U iso (H) = 1.2U eq (N), while water H atoms were restrained to have O-H = 0.90 (1) Å , HÁ Á ÁH = 1.41 (2) Å and U iso (H) = 1.5U eq (O).
Hirshfeld surface and enrichment ratio (ER) analysis
The three-dimensional Hirshfeld surfaces (Spackman & Byrom, 1997) were used to visualize and analyze the inter- Computer programs: CrysAlis PRO (Rigaku Oxford Diffraction, 2015), SHELXS97 (Sheldrick, 2008) , SHELXTL (Sheldrick, 2008) , Mercury (Bruno et al., 2002) , SHELXL2014 (Sheldrick, 2015) and PLATON (Spek, 2009 ). molecular interactions, which were, in turn, evaluated using the recently introduced enrichment ratio (ER) approach (Jelsch et al., 2014) . Calculations were made with the MoProViewer software (Guillot, 2011) . (General remarks on Hirshfeld surfaces are presented in the supporting information.)
Quantum mechanical calculations and Atoms In Molecules (AIM) analysis
Quantum mechanical calculations were performed using the hybrid exchange-correlation functional of Perdew, Burke and Ernzerhof (PBE) (Perdew et al., 1996 (Perdew et al., , 1997 with the Grimme's Dispersion correction (D3) for the van der Waals (VdW) energy (Grimme et al., 2010) . The 6-311++G(d,p) basis set was used for nonmetallic atoms. LanL2DZ (Hay & Wadt, 1985) , along with its effective core potentials, was used as the basis set for the core electrons of the Zn atoms and 6-311++G(d,p) was used for the noncore electrons (Yang et al., 2009; Yarwood et al., 2009 ). All of the single-point calculations were performed using the GAUSSIAN03 program (Frisch et al., 2009) , starting from the crystallographic atomic coordinates. The basis set superposition error (BSSE) for the calculation of interaction energies was corrected using the counterpoise method. The AIM analysis of the electron density was performed at the same level of theory using the Multiwfn program (Lu & Chen, 2012) . The density functional theory (DFT) test case study was performed in a similar manner to AIM 1 , but with previous optimizations of the system.
Results and discussion

Structure description
The title compound, (II), crystallizes in the space group P1 and its crystal and molecular structure were determined by single-crystal X-ray diffraction. Relevant experimental data is presented in Table 1 , while Fig. 1 shows the molecular geometry, as well as the atom and ring labelling. There are two independent (ITPH 3 ) 3+ cations (A and B), protonated at atoms N1 and N3 in the lateral pyridine rings (hereinfter py) and at N4 of the isoquinoline group (hereinafter isq). Charge balance is achieved by three independent [ZnCl 4 ] 2À (tcz) anions and the asymmetric unit is completed by one hydration water molecule. As frequently happens in cases with multiple moieties in the asymmetric unit, there is some kind of frustrated symmetry linking independent molecules. In the present case, this is of a translational type; the application of a (0.22228, À0.31704, À0.15938) shift to cation A leads to a nearly overlapping disposition of all the atoms in the A and B units (see the supporting information).
The bond lengths and angles are unremarkable in both (ITPH 3 ) 3+ cations, the most relevant features coming from the dihedral angles involving the internal planar groups. Even if slightly deformed, the terpyridine nucleus (hereinafter tpy) can be considered to be basically planar, as assessed by the small interplanar angles between the py rings presented in Table 2 . The isq groups, in contrast, are rotated significantly out of the tpy least-squares planes (see the <Cg2-Cg4> and <Cg2-Cg5> angles in Table 2 ). This large deviation is needed Molecular views of the molecules in (II), with displacement ellipsoids drawn at the 50% probability level, showing (a) molecule A, (b) molecule B and (c) the whole asymmetric unit (the #n interaction codes are as in Table 3 ).
Table 2
Relevant dihedral angles ( ) between pyridine rings in (II).
<Cg2-Cg1> 4.6 (2) 3.1 (2) <Cg2-Cg3> 6.6 (2) 6.6 (2) <Cg2-Cg4> 46.7 (2) 42.2 (2) <Cg2-Cg5> 47.7 (2) 44.7 (2) <Cg4-Cg5> 2.5 (2) 1.6 (2) 1 AIM (an acronym for the 'Atoms In Molecules' theory; Bader, 1990 Bader, , 2009 interprets chemical bonding in terms of shared or closed-shell interactions, characterized by the electron density [(r)], its gradient vector [r(r)] and its Laplacian [r 2 (r)] at particular points termed 'Bond Critical Points', where the sign and magnitude of (r) and r 2 (r) define the interaction type.
Figure 2
A few 'snapshots' showing the tetrachloridozincate bridging modes in (II), as well as the graph-set codes of the rings formed. (a) Zn3, bridging type A molecules, (b) Zn2, bridging type B molecules, (c) Zn1, bridging type A-type B molecules, and (d) Zn2-Zn3, bridging type A-type B molecules. Table 3 Hydrogen-bond geometry (Å , ) in (II).
To facilitate the packing description, these interactions have been described with the acceptor at the 'reference site', the symmetry operations being applied to the X-H donor (X = O, N or C). to avoid 'bumping' between atoms H7 and H23. The experimental H7Á Á ÁH23 distance lies in the range 2.30-2.35 Å , while in a perfectly planar disposition, this value would collapse down to '0.80 Å . This 'antibumping' argument appears to be reinforced by the difference between the angles centred at C16A and C16B (C24-C16-C8 > C17-C16-C8), suggesting some kind of H7Á Á ÁH23 repulsion. However, an absolutely analogous situation was found in the close relative (I), and, in this case, a careful AIM analysis showed the HÁ Á ÁH interaction to be attractive instead. Even if the previously reported structure of (I) and that of the present (II) are very similar in their bond lengths and angles, there is a striking difference in the disposition of py groups 1 and 3, which in unprotonated (I) has the corresponding py atoms N1 and N3 anti to N2 of the central ring, while in both independent molecules in (II), they are syn and involved in hydrogen bonding. It is relevant to mention that a search in the Cambridge Structural Database (CSD, Version 5.38; Groom et al., 2016) for similarly protonated tpy units revealed 45 hits which presented the lateral py rings in a disposition similar to that in (II), with atoms N1 and N3 syn to N2 (denoted group 1), and only one in a anti mode (group 2). All of them presented their N-H groups strongly involved in hydrogen bonding, most of the interactions in group 1 being directed towards one single central acceptor, as in (II), and that in group 2 (CSD refcode KUCRUX; Chen et al., 2015) making hydrogen bonds to two lateral ClO 4 À anions. The most conspicuous aspect of structure (II) is its packing scheme, derived from a pletora of different intermolecular interactions (N-HÁ Á ÁCl, N-HÁ Á ÁO, C-HÁ Á ÁCl, Zn-ClÁ Á Á and -) presented in Tables 3 (hydrogen bonds) , 4 (-interactions) and 5 (anionÁ Á Á interactions), which for convenience of description have been assigned an individual 'code' or sequence number (from #1 to #44).
Code
The large number of donors (six N-H, two O-H and many weaker C-H groups), as well as acceptors (12 Cl + 1 O), make hydrogen bonding the most abundant noncovalent interaction in the structure. The result is an extremely complex interaction scheme, where all the aforementioned agents are actively involved, in the form of an intricate interlinkage of two 'donor' groups (cation A, plus the strongly attached water solvent, and cation B) and three 'acceptor' nodes, i.e. the tcz groups, which for simplicity we will denote by their central Zn atom, Zn1, Zn2 and Zn3. Each of these acceptors acts as a connector linking a large number of donors (viz. Zn1 and Zn3 connect five molecules each, while Zn2 connects four molecules). Table 3 gives a full quantitative account of the 33 hydrogen-bonding interactions involved, but a clearer insight can be grasped from the 'snapshots' of the denser interactive regions given in Fig. 2 , where a selection of relevant hydrogen bonds is given, as well as the graph-set codes for the rings to which these chelating interactions give rise. Figs. 2(a) and 2(b) disclose the way in which atoms Zn3 and Zn2 link molecules of a similar type (A and B, respectively). Similarly, Figs. 2(c) and 2(d) clarify the linkage of different molecular types via Zn1 ( Fig. 2c ) and Zn2-Zn3 ( Fig. 2d ). Complementing these partial views, Fig. 3 Table 4 contacts in (II).
The ring codes are as in Fig. 1 . ccd is the centre-to-centre distance, da is the dihedral angle between rings, sa is the slippage angle and ipd is the interplanar distance, or (mean) distance from one plane to the neighbouring centroid. For details, see Janiak (2000) .
Interaction code
CgÁ Symmetry codes: (i) Àx + 1, Ày + 1, Àz + 1; (ii) Àx + 1, Ày + 1, Àz + 2. Table 5 AnionÁ Á Á (to Cg2 and Cg5) and anionÁ Á Á + (to Cg1 and Cg3) interactions in (II).
d is the ClÁ Á ÁX distance (Å ), where X is the atom in the ring which lies nearest the Cl À anion; is the angle subtended by the Cl-Cg vector to the ring normal ( ); is the angle subtended by the X-Cg and X-Cl vectors ( ) ( < 90 = the anion projects within the ring; 90 < = anion projects outside the ring); n (in n ) is the number of interacting atoms. N.b. according to standard requirements for anionÁ Á Á interactions (Gamez, 2014; Giese et al., 2015; Bauza et al., 2016) , should be < 100 . However, see interaction #42, ranked by AIM as the strongest among the anionÁ Á Á interactions. interaction worthy of analysis. In Table 5 anions (X = Fe, Co, Ni, Cu, Zn, Ga, etc.) appear to be well suited for this type of interaction. The CSD was searched and the results are summarized in Fig. 6 , sorted according to the increasing complexity of the interactions, in the same way as those appearing in Figs. 4 and 5. It is apparent that the frequency with which each type is found (Fig. 6 caption) decreases with increasing complexity, and, in particular, pairwise interactions involving covalently bonded rings are significantly rarer (Fig. 6, bottom) . For the case where there is one single anion on each side of the centrosymmetric array (d 1 ), there are three cases reported in the CSD (see Fig. 6 for details); for the remaining one, instead, with two independent anions at each side, i.e. (d 2 ), there are no examples in the CSD, the present structure (II) being the first to be reported. Up to this stage, we had fully characterized and analyzed in detail each interaction in the complete #1 to #43 set, with due assessment of their absolute and relative importance on individual terms. But even so, there are no clear clues as to which type of interaction (if any at all) is mainly responsible for the crystal stability, much in the same way as individual trees may eventually hide the forest. An alternative, global AnionÁ Á Á-Á Á Áanion interactions in (II).
Figure 6
The frequency with which different types of anionÁ Á Á patterns appear in the literature. analysis was thus needed and we found in ER (presented in x2.3) an adequate approach which produced some unexpected results.
3.2. Hirshfeld surface and enrichment ratio (ER) analysis 3.2.1. The global contacts. The computed Hirshfeld surfaces and the corresponding enrichment ratios of the contacts in the global structure are shown in 19 and B 1.88) , are comparable, those in cation A being only slightly larger than those in cation B and with CÁ Á ÁN interactions being the most favoured. With these precedents, a puzzling situation appears wheninteractions are considered (Table 4 ), in which all five rings in cation A participate, while this is true of only a single ring of cation B (Cg1B). This should, in principle, be reflected in a pronounced difference in the ER values for the CÁ Á ÁC and CÁ Á ÁN contacts (A > B), something which is far from what is observed. On the other hand, an even more different situation exists when the number of anionÁ Á Á interactions are compared; there are four on the surface of cation A and four on the surface of cation B (Table 5 ). This is consistent with the driving force for the crystal packing of (II) being strongly influenced by anionÁ Á Á interactions, where the Cl À anions are attracted by the cationic aromatic rings reducing the strong cationic charge-charge repulsion and in some way favouring the CÁ Á ÁC and mainly the CÁ Á Á N contacts, which denotes a reorientation of theinteractions with respect to the situation in the unprotonated moieties.
These observations indicated a preferred orientation of the cationiccontacts that could be explained by visualizing the distribution of the positive charge on protonation. In this regard, the atomic and ring NBO (natural bond order) charges for a series of aromatic N-heterocyclic compounds, both neutral and protonated, have been calculated recently by Maclagan and co-workers (Maclagan et al., 2015) . Remarkably, it was concluded that in all protonated ions both the Table 7 Hirshfeld contact surfaces and enrichment ratios for ITP. N-H hydrogen and the N-H nitrogen carry almost a constant charge 'q', with an average of q(H) = 0.43 AE 0.01 and q(N) = À0.46 AE 0.1. Furthermore, the remaining positive charge, i.e. 0.57 AE 0.01 unit charge from the full proton, is dispersed over the rest of the aromatic rings, i.e. over the C and H atoms. Another surprising result is that the N atom maintains almost without change its preponderance as the higher negative charge when passing from the neutral species to the ionic one. In fact, the q(N) values of the neutral base are not significantly different from those when it is protonated, e.g. in the pyridine(À0.45)/pyridineH + (À0.44) and quinoline/ (À0.45)/quinolineH + (À0.44) pairs. These results permit us to attribute the great enrichment of the cationic CÁ Á ÁN interactions to the increase in the positive charge on the C atoms and to the almost unchanged negative charge on the N atoms. On the other hand, the fact that the positive charge (0.57 AE 0.01 unit charge) is dispersed towards the C and H atoms of the aromatic hydrocarbon rings explains the abundance, firstly, of the anionÁ Á Á interactions and, secondly, of those around the periphery of the planes of the aromatic rings, namely the H C Á Á ÁCl interactions. Hirshfeld surface of (ITPH 3 ) 3+ cation A and the most relevant species on the surface, showing (a) the surface coloured according to the interior atoms, (b) the surface coloured according to the exterior atoms and (c) the orientation of the structure inside the surface. Tables 3-5 show that ClÁ Á ÁX interactions (as evaluated by AIM) are relevant when compared to the remaining interactions in the system. With typical values of $1.00 a.u., even if they are ranked second to N-HÁ Á ÁO ($2.5 a.u.), they appear to be of similar strength to many C-HÁ Á ÁCl interactions and significantly stronger thaninteractions ($0.5 a.u.). Thus, the ClÁ Á ÁX interactions show an individual relevance, which, in addition to the large number of these contacts, enhance their importance in crystal structure stabilization.
Conclusions
The structural study of the new protonated terpyridine-based compound, ( anions through abundant peripheral hydrogen bonding and anionÁ Á Á interactions involving the ring planes. These latter interactions are involved in several types of arrangements, either without -stacking (as simple anionÁ Á Á) or more complex ones withstacking in the acceptors (as anionÁ Á Áand the rare case of anionÁ Á Á-Á Á Áanion). From a theoretical point of view, the unexpectedly large enrichment ratios (ER) of the cationic CÁ Á ÁN contacts observed in (II) can be understood in the light of their correlation with the atomic and ring NBO charges. On the other hand, with regard to the significance of the not-sofrequent ClÁ Á Á interactions in the structure stabilization, AIM results tell us that even if they rank second with respect to N-HÁ Á ÁO interactions, they are comparable to many C-HÁ Á ÁCl interactions in the structure and significantly stronger thaninteractions.
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